EFFECT OF SKIN DIVING ON LUNG VOLUMES
It has been found that vital capacity, inspiratory reserve, tidal volume, and total capacity of the instructors increase during one year of duty at the Escape Training Tank, indicating an adaptation to skin diving. These findings have a bearing on selection of effective underwater swimmers and problems of health protection in underwater swimming.
Published by Naval Medical Research Laboratory
For Official Use ABSTRACT Based on a common experience of instructors at the Escape Training Tank, namely, that during their tour of duty, they learn to hold their breath longer and breathe differently, a study of their pulmonary capacities was undertaken. Vital capacity, inspiratory reserve, and total lung capacity of the Tank instructors were found significantly larger than those of a group of laboratory personnel representing average individuals. When measured vital capacities of the two groups were compared with vital capacities predicted on the basis of body surface area, the measured values of the Tank instructors were 14,6 per cent higher than predicted, while those of the laboratory personnel were 0.56 per cent lower. A longitudinal study of the lung volumes of instructors performed over a period of one year following their assignment to the Escape Training Tank demonstrated a significant increase in inspiratory reserve, tidal volume, vital capacity, and total lung capacity, while expiratory reserve and residual volume did not change significantly. These findings indicate an adaptation of the lung volumes to the stress of skin diving.
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INTRODUCTION
Observations in the laboratory as well as in practice suggested that in the course of their duties the instructors at the Escape Training Tank underwent some changes in their pulmonary capacity. For example, it was found that the instructors could hold their breath much longer than the average individual.
The instructors at the Escape Training Tank are engaged almostdaily in "skin diving", that is diving without the use of any special equipment. The instructors take a breath of air at the surface, descend in the Tank to depths as great as 100 feet, and return to the surface while holding their breath. They also make "free ascents 1 ', which means that while in an air lock at 25, 50, or 100 feet under water they take a deep breath, step out of the lock into the water and float to the surface, exhaling the expanding air in their lungs as they rise. The free ascent is performed by the instructors as they guide the Submarine School students through a series of escapes from, the air locks, The student uses the Submarine Escape Appliance, a self-contained breathing apparatus, during his ascent to the surface. If the student has become thoroughly familiar with this ascent technique, he is given the opportunity to perform free ascents himself.
Skin diving involves the potential hazard of a squeeze. During free escape the danger exists of overdistention of the lungs, with possible rupture (1, 2) .' Kinsey (3) published a Report on four cases of air embolism as a result'of submarine escape training. Even in proper execution of skin diving arid free ascent'there is a certain amount of stress imposed on the lungs; this is readily demonstrated by considering the pressure-volume relationships in the lungs.
The pressure at 100 feet is equal to four atmospheres absolute. Therefore, a volume of air inhaled at the surface will be compressed to one quarter of its original volume at that depth; conversely, a lungful of air inhaled in the air lock at 100 feet will expand to four times its volume when reaching the surface. (While stationed in the 100-foot lock, during escape training, the instructors maybe exposed to four atmospheres absolute pressure for periods up to 20 minutes.)
We were interested in knowing whether the instructors do adapt to the stress of skin diving by increasing their lung volumes. This would explain their observations that, during their tour of duty, they learn to hold their breath longer and breathe differently.
MATERIAL AND METHODS
Three groups of subjects were studied. Group A consisted of 16 instructors at the Escape Training Tank who had carried out "iri-thewater" instruction for an average period of one and one-half years. Group B was composed of 16 adult male personnel from the Medical Research Laboratory. After it was found that the lung volumes of the Tank instructors were markedly larger than those of the laboratory personnel, a longitudinal study was performed on a group of 20 Tank instructors. Pulmonary capacities "were measured within the. first two months of their tours of duty.at the Escape Training Tank and after approximately one "year, In a group of eight subjects, additional determinations of the lung.v61um.es were made with the subjects standing on a ladder up to the neck'in water. Under these conditions the ihtrapulmonic pressure in reference to the ambient water pressure was measured at -20 mm. Hg, Total lung capacity and its subdivisions were studied and the measurements taken as follows:
1. Vital capacity, as measured from the maximum expiration following a maximum inspiration* was determined using the Collins Vitalometer, the highest value of three successive trials recorded.
2. Inspiratory and expiratory reserve and tidal volume were measured using the Collins Respirometer. The soda-lime canister was removed to minimize the resistance to breathing. The respirometer was flushed with room air after each measurement to prevent carbon dioxide from accumulating in the closed system.
3. Residual volume was determined by the Rahn, Fenn, and Otis modification of the Lundsgaard-Van Slyke method (4). The alveolar air samples were analyzed for carbon dioxide and oxygen content in a Scholander respiratory gas analyzer (5) . AH values reported were calculated to body temperature, ambient pressure and saturated with water vapor (B. T. P. S.). The determinations were carried out with the subjects in a standing position in order to make a comparison of the various pulmonary subdivisions out of the water and in the water.
RESULTS
Vital capacities of laboratory personnel and Tank instructors:
Vital capacities of the two groups measured with the Vitalometer were found significantly different ( Table 1 ). The Tank instructors showed greater vital capacity. A comparison of predicted and measured vital capacities is given in Table 1 . Predicted values were obtained by using the West formula, which is based on body surface area (6). The statistical evaluation of these data given in Table 3 Table 4 show the results of measurements of lung volumes made on a small group of eight subjects in the water over a period of one year. It can be seen that the same lung volumes which were found to have increased after a period of one year in determinations made out of the water also increased when measured in the water, i.e. under a negative intra-pulmonic pressure of -20 mm.Hg. Because of the small number of subjects, differences do not become statistically significant, but reflect the same changes observed in examinations carried out in a larger group of subjects out of the water. Expiratory reserve remains approximately the same. Although residual volume decreases somewhat, the total lung capacity increases signifi" c antly
As to the cause of these adaptive changes in lung volumes, we might examine the working conditions of the Tank instructors a little more closely. Prior to diving, they take a deep breath in a position in which they are submerged up to the neck in the water. Under these conditions, the hydrostatic pressure on the chest was measured to be equivalent to a negative intrapulmonary pressure of "20 mm Hg. This finding is in agreement with data given by Rahn (7) and Fenn (8) . Rahn (7) demonstrated that at -20mm.Hg. the inspiratory reserve and the tidal volume are markedly increased, while the expiratory reserve is decreased. Therefore the influence of the position in the water helps greatly to overcome the "stress" of skin diving, which involves maximal inspiration in an effort to hold.the breath as long as possible.
The changes in lung volumes produced by the position in the waterare similar to those observed during adaptation of the instructor, the difference being that the latter are actual and permanent changes resulting in an increased total lung capacity, while the former are only compensatory changes within the unaltered total lung capacity. Increases in inspiratory reserve, tidal volume, vital capacity, and total capacity facilitate maximal inspiration and increase the breathholding time. The "stress" in skin diving definitely is on the inspiratory side of the respiratory cycle, and the adaptation shows a response to this stress.
The observed changes in lung volumes allow the skin diver to reachalower depth. Whether a skin diver can reach 100 feet or 120 feet without a squeeze depends on the relation of his total lung capacity to his residual air. If, for example, the lung volume of a diver at the surface is 6000 cc.and his residual air 1500 cc, he should be able to reach 100 feet (equivalent to four atmospheres), because his lung volume would be compressed to one fourth, or 1500 cc. At 132 feet (five atmospheres) the lung volume would be compressed to 1250 cc" which is less than his residual air, and lung tissues would be inverted into the larger passages and blood would be squeezed into the bronchi. It is evident that by increasing the total lung capacity or decreasing the residual air the diver can increase the depth to which he is able to go. This is exactly the adaptation which takes place in the instructors. An increase in total lung capacity has been demonstrated; a slight decrease in the residual air is suggested by the measurements. The adaptive changes found in lung volumes of Tank instructors bear a relationship to their respiratory pattern and tolerance to increased.carbon dioxide tensions, which has been discussed by Schaefer (9) . CONCLUSIONS 1. Vital capacity, measured with the Vitalometer in a group of laboratory personnel and a group of Tank instructors, was found significantly larger in the Tank instructors. 2. When the measured vital capacity for each of the two groups was compared with vital capacity'values predicted on the basis of body surface area (West formula), it was found that the measured values of the Tank instructors were "14.6 per cent higher than predicted while those of the laboratory personnel ; 'were 0.56 per cent lower than predicted.
3. Measurements of the subdivisions of the lung volumes showed that the Tank instructors had significantly larger total capacity, vital capacity, ■ inspiratory reserve. 4. A longitudinal study of the lung volumesof instructors carried out for a period of one year following their assignment to the Escape Training Tank exhibited a significant increase in total lung capacity, vital capacity, inspiratory reserve, and tidal volume. 5. Additional measurements of lung volumes made in a group of Tank instructors standing on a ladder up to the neck in water reflected changes in the same direction as observed in determinations made out of the water, 
